The MSW or vacuum oscillation solution of the solar neutrino problem can be reconciled with possible existence of the (ββ) 0ν decay with a half-life corresponding to an effective Majorana mass of the electron neutrino |m ee | ∼ = (0.1 − 1.0) eV. The phenomenological consequences of such a possibility are analyzed and the implications for the mechanisms of neutrino mass generation are considered.
Introduction
The results of the solar neutrino experiments obtained so far can be considered as an indication of existence of nonzero neutrino masses and mixing. The data are well described in terms of neutrino resonant transitions ν e → ν µ(τ ) [1] , or vacuum oscillations [2] ν e ↔ ν µ(τ ) , with parameters (see refs. [3] for latest analyses): 
respectively, where ∆m 2 ≡ m 2 2 − m 2 1 , m 1,2 being the masses of two mass eigenstate neutrinos ν 1,2 , and θ is the lepton mixing angle in vacuum 1 . The values of ∆m 2 in (1) determine a neutrino mass scale associated with the solar neutrino problem:
What are the implications of the results (1) and (2) for the present and future searches for neutrinoless double beta ((ββ) 0ν ) decay: (A, Z) → (A, Z + 2) + e − + e − [5] ? As is well known, these searches are sensitive to the existence of massive Majorana neutrinos, ν j , coupled to the electron in the weak charged lepton current. For relatively small masses of ν j , m j << 30 MeV, the (ββ) 0ν − decay amplitude is proportional to the (ν T eL ν eL ) element, m ee , of the neutrino Majorana mass matrix. It can be written as [6] :
where
is the CP-parity of the neutrino ν j 2 , and U ej determines the admixture of the ν j state in the ν e state 3 . The results of the (ββ) 0ν −decay searches imply the following upper bound on the value of m ee [7] : |m ee | < (1 − 2) eV. Future experiments with enriched isotopes 76 Ge and 100 Mo [8] will be sensitive to values of |m ee | as small as |m ee | ∼ = (0.1−0.3) eV. We will refer to the effective mass having a value between the existing upper bound and the indicated limit of sensitivity, 
1 Let us note that solution (2) is disfavored by the data on the neutrino burst from the supernova SN1987A [4] . 2 We assume for simplicity in the present study that CP-parity is conserved in the leptonic sector and that weak interactions with right-handed currents do not play an essential role in the (ββ) 0ν decay. 3 U ej is an element of the unitary lepton mixing matrix defined by ν lL = n j U lj ν jL , l = e, µ, τ .
as "observable" effective Majorana mass.
Simplest schemes of neutrino mass generation based on the see-saw mechanism [9] [10] [11] do not allow to reconcile solutions (1) and (2) of the ν ⊙ -problem with a value of m ee in the interval (5) . Indeed, the most straightforward interpretation of an observation of the (ββ) 0ν decay would be that of ν e practically coinciding with the lightest Majorana neutrino ν 1 possessing a mass m 1 ∼ = m obs ee . It follows then from the see-saw scenario that the masses of the other two light neutrinos should lie in the intervals m 2 ∼ = (1 − 100) keV, and m 3 ∼ = (0.1 − 10) MeV. Obviously, in this case solutions (1) and (2) are impossible. On the other hand, e.g., solution (1) implies m 1 < m 2 ∼ = m ⊙ , and the see-saw mechanism with quadratic hierarchy gives m 3 ∼ (1 − 10) eV in the range of interest. However, the admixture U e3 of ν 3 in ν e is typically predicted to be of the order of the parameter describing the mixing between the first and the third generations in the quark sector: |U e3 | < ∼ 5 · 10 −3 (see e.g., refs. [11] ). This gives |m ee | < ∼ 2.5 × 10 −4 eV << m obs ee .
In the present letter we analyze the phenomenological implications of a neutrino physics solution of the ν ⊙ -problem ( (1) or (2)) and the existence of (ββ) 0ν decay having a rate in the range of sensitivity of the present and future (ββ) 0ν −decay experiments [7, 8] . Schemes with three light massive neutrinos are discussed in detail. Consequences for the mechanisms of neutrino mass generation are considered. We comment also on the possibility to accommodate two other elements in the indicated schemes: i) a value for the mass of one of the light neutrinos in the region of (5 -7) eV -such a neutrino can play the role of a "hot" dark matter component [12] , ii) oscillations ν µ ↔ ν τ (or ν µ ↔ ν e ) with ∆m 2 ∼ = 10 −2 eV 2 and sin 2 2θ ∼ = (0.4 − 0.6), which can explain the suggested deficit of muon neutrinos in the atmospheric neutrino flux [13] .
The Case of Strong Neutrino Mass Hierarchy
Suppose that the masses of the three light Majorana neutrinos ν 1,2,3 obey the hierarchy relation m 2 << m 3 , and m 1 << m 2 , or m 1 < m 2 . The ν ⊙ -problem can be solved then by ν e → ν µ conversion if m 2 ∼ = m ⊙ and the e − µ flavour mixing corresponds to one of the intervals in (1) . A value of |m ee | in the interval (5) can only be due to a sufficiently large admixture of the ν 3 state with a mass m 3 ≥ 0.1 eV in the ν e state:
The values of |U e3 | and m 3 are constrained by the null results of the oscillation experiments performed at reactors [14, 15] and accelerators [16, 17] . Since m 1 < m 2 ∼ = m ⊙ , the
For small values of θ eq. (7) reduces to ∆m determined above enters also into the expression for the ν e ↔ ν τ oscillation probability.
Indeed, the searches for ν µ ↔ ν τ oscillations imply |U µ3 | 2 < 2 × 10 −2 , while the negative results of the searches for ν µ ↔ ν e oscillations [19] lead to the constraint
Consequently, |U µ3 | 2 << 1 and one has sin
The dependence (7) of ∆m 2 31 on sin 2 2θ for different values of |m ee | is shown in Fig. 1 together with the existing bounds on these two parameters and the planned sensitivities of the future experiments [20] . As follows from 
Indeed, as can be shown, the ratio ξ is related to the determinant
eτ . Using (6) and (8) one can write the condition for having the requisite large mixing:
Thus, the natural relation |U e3 |
<
∼ m 1 /m 3 is strongly violated. At the same time both the e − µ flavour mixing (e.g., |U e2 | 2 ∼ 2 · 10 −3 for the small mixing MSW solution) and the e − τ flavour mixing are small and can be of the order of the corresponding quark mixings.
Consider the implications of the above results for the see-saw mechanism of neutrino mass generation. According to this mechanism, the Majorana mass matrix m maj is given by
where m D is the neutrino Dirac mass matrix, and M R is the the Majorana mass matrix of the right-handed (RH) neutrino components ν lR . We will assume that the Dirac mass matrices of the neutrinos and the charged leptons are similar in structure to the up and down quark mass matrices. Correspondingly, the e − τ flavour mixing resulting only from the Dirac neutrino and charged lepton mass matrices is exceedingly small. An enhancement of the e − τ mixing can take place then due to a special structure of the Majorana mass
It is convenient to consider the problem in the neutrino Dirac basis ν 
where for simplicity M and M j (j = 1, 2, 3) are considered to be real. The components
decouple from the other neutrino components, and ν
The see-saw mechanism produces an e − τ mixing
and masses of ν 1 and ν 3
5 The Dirac basis is related to the flavour one by a Cabibbo-Kobayashi-Maskawa type mixing matrix.
This matrix generates small e − µ and µ − τ family mixing.
is the determinant of the 1 -3 submatrix of M R . In eq. (12) we took into account the fact that the rotation to the flavour basis gives a small correction to the e − τ flavour mixing, and have neglected
, m u and m t being the u-and t-quark masses.
According to (12) , the needed enhancement of the e − τ mixing implies a hierarchy between the elements of M R : M/M 1 > ∼ 10 3 . As follows from (13), the determinant D M should be small to ensure the necessary enhancement of the mixing for small values of the ratio m 1 /m 3 . Moreover, as can be shown using eqs. (10) and (11),
i.e., the fine tuning of the elements of (11) is precisely the same as in the light neutrino Majorana mass matrix m maj . The see-saw mechanism transforms the fine tuning problem from the light neutrino sector to the heavy one. This in turn implies a strong mass hierarchy of the heavy Majorana neutrino masses:
To estimate the elements of the matrix M R we use as an input the values m 1D = (0.5−7)
MeV, and m 3D /m 1D = (0.4 − 3.0) · 10 4 -typical for charged leptons and quarks. Then from (13) - (15) and for the maximal value m 1 ∼ = m ⊙ = 3·10 −3 eV we get for the elements of M R (in
With diminishing m 1 these masses increase as ∝ m We shall outline next several approaches permitting to explain the required properties of the matrix M R . Its texture, hierarchy of elements as well as the smallness of the determinant of the 1 -3 submatrix can be a consequence of a certain family symmetry G. The elements of the matrix M R can appear as bare mass terms conserving G, or/and can be generated by couplings to new scalar fields, σ, singlets of SU(2) L × U(1). These scalar fields have, in general, nonzero G-charges, G σ , and acquire nonzero vacuum expectation values, σ 0 , thus spontaneously breaking the symmetry G. Let us consider several simplest possibilities.
1. The texture (11) can be easily generated by bare mass terms and by interactions with a field σ if, e.g., G = U(1), the G-charges of the neutrinos are G(ν 
where M 0 is a (bare) mass parameter and h is the constant of the ν ′ jR and σ Yukawa coupling. Prescribing G(ν 1/2, 0) and G σ = 1, we get: 
and, in general, all three components give appreciable contributions in the sum. The solar neutrino deficit is explained by ν e conversion to, e.g., ν µ if |m 2 − m 1 | = ∆m Consider first the case when the admixture of ν 3 in ν e is small: |U e3 | 2 << 1. Using the unitarity condition one can write the effective neutrino mass parameter as
If η 1 = η 2 , we have m 0 = |m ee | and the bounds on m 0 are independent of the mixing ( Fig. 2): they are the same for all solutions of the ν ⊙ -problem. For η 1 η 2 = −1 the compensation 6 Such a possibility has been considered in another context in [22] . takes place; it becomes stronger as |U e1 | 2 approaches 1/2 (see (18) ). Correspondingly, when 
whereÎ is the unit matrix and δm is a "small" correction matrix generating the neutrino mass splitting and the mixing. The neutrino conversion (oscillation) parameters are determined then by the matrix
In order to have ∆m suggest that m 0 , the main contribution in m maj , is generated by interactions which preserve a family symmetry G, whereas δm results from G-breaking interactions. Suppose that the lepton doublets ψ lL form a triplet of a horizontal group G (e.g., G = SO (3)). The m 0 -term in (19) can be generated by G invariant interaction of the Higgs doublets with a superheavy The contribution to the "small" term in (19) , δm, arises from one loop correction induced by the Yukawa couplings of leptons with Φ. One finds that, e.g., δm τ τ ∼ m 0
The matrix δm may be generated, e.g., by Planck-scale interactions [27] :
where M P l is the Planck mass. For α ll ′ ∼ 1, one has δm ll ′ ∼ 10 −5 eV, which gives ∆m In the schemes considered above neutrinos acquire masses due to couplings to superheavy particles at large energy scales, respecting a family symmetry (interactions with ∆, Majorana mass terms of the RH neutrino components, etc.), whereas the masses of the charged particles as well as the lepton mixing are generated by the interactions with the standard Higgs doublet, which break this symmetry. An alternative possibility is that the Higgs doublet couplings also respect the family symmetry and neutrinos acquire equal masses via the see-saw mechanism. The hierarchical structure of the mass spectrum of the charged particles (quarks, charged leptons) may result from a certain pattern of the vacuum expectation values of the scalar horizontal multiplets. Such a possibility can be realized in terms of the universal see-saw mechanism [28] .
Two Mass-Degenerate Neutrinos
Let us discuss the modification of the above scenario with only two almost degenerate neutrinos, say ν 1 and ν 2 , having masses in the region of interest,
eV. The third neutrino ν 3 has a mass which can differ considerably from m 0 . As before, the ν ⊙ -deficit is explained by ν e − ν µ conversion (or oscillations) induced by a small mass difference of the degenerate neutrinos:
Majorana neutrino mass parameter can be written as
is the contribution due to the degenerate neutrinos.
If the CP-parities of ν 1 and ν 2 are opposite, i.e., if ν 1 and ν 2 form a pseudo-Dirac neutrino [29, 30] , then
Depending on the value of m 3 we get different phenomenological implications.
For m 3 << m 0 one has ∆m Two highly degenerated neutrinos appear in a theory with a horizontal symmetry G, with two families having nonzero G-charges and the third family being a singlet of G. This possibility can be realized if neutrinos acquire masses due to an interaction with the triplet ∆ as in eq. (21) (now two families form a doublet of G), or in terms of the see-saw mechanism.
Suppose G = U(1) and the neutrinos have G-charges ( 
For M 33 = 10M 12 we obtain from (24) 
Conclusions
In the present paper we have limited our discussion to the case of only three light massive Majorana neutrinos. One could consider also schemes with larger number of light neutrino states, for instance, with light sterile neutrinos ν sL . This, obviously, opens up new possibilities for reconciliation of an observable (ββ) 0ν decay rate with the solar and atmospheric neutrino data.
A (ββ) 0ν decay with half-life in the range of the sensitivity of the future experiments can be caused by a mechanism not directly related to the exchange of light Majorana neutrinos, for example, by weak interactions with right-handed currents, exchange of heavy neutrinos (m > 30 MeV) or other heavy neutral Majorana particle(s), etc. [5] . In these cases the usual schemes of neutrino mass generation need not be modified in order to obtain the MSW or the vacuum oscillation solution of the ν ⊙ −problem.
In conclusion, we have shown that from a phenomenological point of view it is not difficult to reconcile the particle physics solution of the ν ⊙ −problem and an observable for different values of |m ee | (see eq. (7)). The regions of parameters excluded by the Gösgen [14] , BEBC [16] and IPR [15] oscillation experiments are depicted. Shown are also the regions of sensitivity of the future oscillation experiments CHORUS, NOMAD, P-803 and P-860 [20] . 
